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structure	based	on	 the	neutral	 SNP	panel	was	 significant	 (FST .02; p	 <	 .01),	 and	a	
distinct	genetic	cluster	was	identified	in	a	port	along	the	Belgian	coast	(Ostend	port;	










K E Y W O R D S
genotyping‐by‐sequencing,	invasion	biology,	Mnemiopsis leidyi,	population	differentiation,	
population	genomics,	Single	nucleotide	polymorphisms
12  |     VERWIMP Et al.
1  | INTRODUC TION
Invasive	 species	 are	 widely	 recognized	 for	 their	 negative	 effects	
on	biodiversity	and	ecosystem	functioning	(Carlton	&	Geller,	1993;	
Simberloff	 et	 al.,	 2013).	 During	 the	 last	 decades,	 globalization	 of	
maritime	 traffic	 has	 increased	 invasion	 rates	 of	marine	 organisms	
by	 facilitating	 dispersal	 over	 large	 geographical	 distances	 (Hulme,	
2009;	Ricciardi	&	MacIsaac,	2000;	Ruiz,	Fofonoff,	Carlton,	Wonham,	
&	Hines,	2000).	Although	only	a	fraction	of	the	introduced	species	
is	 able	 to	 thrive	 in	 a	 new	 environment,	 establishment	 of	 perma‐
nent	populations	can	have	dramatic	effects	on	the	local	community	
(Katsanevakis	 et	 al.,	 2014;	Molnar,	Gamboa,	 Revenga,	&	 Spalding,	
2008;	Ojaveer	et	al.,	2015).	Therefore,	management	of	nonindige‐
nous	species	should	be	a	priority	for	marine	conservation.	Effective	
control	 measures	 and	 impact	 prediction	 rely	 on	 an	 accurate	 un‐
derstanding	 of	 dispersal	 and	 population	 connectivity,	 which	 can	




anisms	 underlying	 long‐distance	 dispersal,	 range	 expansion,	 and	
local	adaptation	(Cristescu,	2015;	Sax	et	al.,	2007).
Marine	 invasions	 often	 affect	 valuable	 coastal	 and	 estuarine	
ecosystems	 (Grosholz,	 2002).	 Marine	 species	 typically	 show	 lim‐
ited	 population	 differentiation,	 and	 establishing	 appropriate	man‐
agement	units	 is	challenging.	Estimating	population	connectivity	 is	
complicated	 by	 many	 factors	 specific	 to	 the	 marine	 environment	
(Palumbi,	 2003).	Obvious	 physical	 barriers	 to	migration	 are	 seem‐





O'Connor	 et	 al.,	 2007;	 Selkoe	 et	 al.,	 2016),	 and	demographic	 pro‐
cesses	such	as	local	recruitment	(Jones,	Planes,	&	Thorrold,	2005).	








at	 thousands	 of	 loci	 to	 investigate	 fine‐scale	 population	 structure	
and	accurate	population	assignment	in	the	context	of	weak	genetic	
structure	 (Andrews,	 Good,	 Miller,	 Luikart,	 &	 Hohenlohe,	 2016;	
Davey	 et	 al.,	 2011;	 Narum,	 Buerkle,	 Davey,	 Miller,	 &	 Hohenlohe,	
2013).
One	 of	 the	 most	 successful	 marine	 invaders	 is	 the	 ctenophore	
Mnemiopsis leidyi.	This	species	is	native	to	the	Atlantic	coasts	of	North	








&	 Purcell,	 2012;	 Costello,	 Sullivan,	 Gifford,	 Van	 Keuren,	 &	 Sullivan,	















al.,	 2013;	 Fuentes	 et	 al.,	 2010;	Ghabooli	 et	 al.,	 2013).	 The	Northern	
European	cluster	originates	from	the	Atlantic	coast	of	North	America.	
Possibly	 large	numbers	of	ctenophores	have	been	 introduced	by	 re‐
current	 ballast	water	 discharges,	 since	 no	 founder	 effects	were	 de‐
tected	(Bayha	et	al.,	2015;	Ghabooli	et	al.,	2011;	Reusch	et	al.,	2010).	












locations	covered	 three	potential	 source	populations	 (the	ports	of	
Dunkirk	and	Ostend,	and	the	estuary	of	the	Scheldt	River)	and	po‐







(DK)	 in	 the	 north.	 Third,	 sampling	 covered	one	 location	 in	 the	 in‐
digenous	 species	 range	 (Chesapeake	Bay,	USA).	We	expected	 low	
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Sea	 and	 the	 geographically	 distant	 regions	 of	 Kattegat/Skagerrak	
(nonindigenous)	and	Chesapeake	Bay	 (indigenous);	and	 (d)	 identify	
recent	migrants	between	regions	by	population	assignment.








of	 the	 port	 of	 Ostend	 were	 collected	 in	 two	 subsequent	 years	
(2014	 and	 2015;	 Table	 1).	 Additionally,	 specimens	 were	 col‐
lected	 by	 plankton	 net	 trawling:	 in	 the	 port	 of	 Dunkirk	 (FR)	 in	
2012	and	2013,	the	Kattegat/Skagerrak	region	(DK)	in	2014,	and	







isolation	 kit	 for	 samples	 from	 2013	 and	 older.	DNA	 integrity	was	





compared	 the	performance	of	 six	 restriction	enzymes	with	differ‐
ent	recognition	sites:	MseI	(T|TAA),	MspI	(C|CGG),	ApeKI	(G|CWGC),	





100	ng	 of	 genomic	DNA	was	 digested,	 and	 adapters	were	 ligated	
with	 T4	DNA	 ligase.	 A	 barcode	 adapter—common	 adapter	 system	
was	used	with	in‐line	barcode	sequences.	Adapter	sequences	were	
generated	 with	 the	 tool	 from	 Deena	 Bioinformatics	 (http://www.
deena	bio.com/servi	ces/gbs‐adapters).	Barcode	sequences	were	4	to	
9	bp,	differed	from	each	other	by	at	least	3	substitutions	and	contain	
homopolymers	 of	maximum	2	 bp.	 Restriction	 digests	 and	 adapter	
ligations	were	performed	according	to	the	enzyme	manufacturer's	
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of	the	pilot	experiment	were	paired‐end	sequenced	for	100	bp	on	
an	Illumina	HiSeq2000	instrument	by	BGI.	Because	of	the	sequenc‐





2.3 | Read filtering and mapping
GNU parallel	 (Tange,	 2011)	 was	 used	 for	 parallelization	 of	 all	 fol‐
lowing	 steps.	 Reads	were	 demultiplexed	with	GBSX 1.1.5	 (Herten,	
Hestand,	Vermeesch,	&	Houdt,	 2015),	 allowing	1	mismatch	 in	 the	
barcode.	Common	adapter	sequences,	restriction	site	remnants,	and	
intact	 restriction	 sites	 were	 trimmed	 with	 cutadapt 1.9.1	 (Martin,	
2011).	Reads	containing	ambiguous	bases	and	 reads	with	an	aver‐
age	 base	 quality	 below	30	were	 discarded	with	prinseq‐lite 0.20.4 
(Schmieder	&	Edwards,	2011).	Sequence	quality	was	checked	with	
FastQC 11.7	 (Andrews,	2010)	and	MultiQC 1.5	 (Ewels,	Magnusson,	
Lundin,	&	Käller,	2016).
Quality‐filtered	 reads	 were	 aligned	 to	 the	 reference	 genome	












we	selected	 the	 five	 libraries	with	 the	highest	 read	count	 for	 that	
enzyme.	To	evaluate	the	completeness	of	datasets	generated	with	





Genotypes	were	 called	with	GATK 3.7	 using	 the	HaplotypeCaller 
(McKenna	 et	 al.,	 2010).	 Multi‐allelic	 SNPs	 and	 indels	 were	 re‐
moved	with	VCFtools 0.1.14	 (Danecek	 et	 al.,	 2011).	 The	VCF	 file	












quency	 alleles.	 These	 are	 usually	 discarded	 for	 population	 anal‐
ysis,	 because	 they	 are	 deemed	 uninformative	 and	 may	 contain	
errors	(Roesti,	Salzburger,	&	Berner,	2012).	However,	careful	con‐




(between	 1%	 and	 5%)	 were	 unevenly	 distributed	 over	 the	 geo‐






ods	 differ	 in	 their	 ability	 to	 identify	 outliers,	 and	 a	 combination	
of	methods	 is	 recommended	 (Narum	&	Hess,	2011;	Villemereuil,	
Frichot,	 Bazin,	 François,	 &	 Gaggiotti,	 2014).	 We	 performed	 the	
PCA‐based	outlier	test	implemented	in	PCAdapt 4.0.1	(Luu,	Bazin,	
&	Blum,	2017)	and	the	FST	outlier	test	implemented	in	OutFLANK 
0.1	 (Whitlock	&	 Lotterhos,	 2015).	PCAdapt	 correlates	 the	 geno‐
types	 of	 SNPs	with	 principal	 components	 (PC)	 and	 does	 not	 re‐
quire	population	priors.	Clustering	of	 the	zero‐inflated	genotype	
data	was	 reduced	 by	 applying	 the	 SNP	 thinning	 algorithm,	with	
default	window	size	and	R2	 threshold.	The	 test	statistic	 is	based	


















The	 mean	 allelic	 richness	 and	 mean	 expected	 and	 observed	 het‐
erozygosity	(Ar,	He and Ho)	were	calculated	for	the	geographical	re‐
gions	 (Table	 1)	 using	Hierfstat 0.04‐22	 (Goudet,	 2005).	 Population	












ponents	 (DAPC)	 implemented	 in	 Adegenet 2.1.0	 (Jombart,	 2008),	
using	20	PCs.
3  | RESULTS
3.1 | Optimization of GBS genotyping in M. leidyi
Of	the	six	restriction	enzymes	tested,	EcoT22I and EcoRI	were	ex‐
cluded	because	gel	electrophoresis	showed	insufficient	DNA	frag‐
mentation.	MseI	 was	 excluded	 because	 the	 sequence	 reads	 had	
very	 low	GC	 content	 (approximately	 35%	 on	 average).	 The	 read	
depth	 distribution	 of	 the	 three	 remaining	 enzymes	 was	 evalu‐
ated	 either	 using	 saturation	 curves	 showing	 the	 number	 of	 loci	
per	 sample	 as	 a	 function	of	 the	number	of	 reads	mapped	per	 li‐
brary	or,	alternatively,	by	analyzing	the	number	of	loci	shared	be‐






that	mapping	higher	numbers	of	 reads	may	be	 required	 to	 reach	
saturation	 in	 the	 number	 of	 independent	 GBS	 loci	 for	ApeKI or 
MspI.	The	number	of	loci	shared	between	samples	was	determined	
per	 enzyme	 (Figure	 S1b).	 These	 curves	 indicated	 that	MspI was 
more	 efficient	 to	 sequence	 common	 loci	 compared	 with	 ApeKI. 
Therefore,	we	decided	to	use	MspI	for	GBS	profiling	of	the	sample	
collection.
3.2 | Distribution of read data and SNPs
We	obtained	140	libraries	with	more	than	40	k	GBS	loci	(Figure	S1c)	
and	discarded	35	libraries	with	less	than	40	k	GBS	loci.	The	40	k	loci	
were	detected	with	sufficient	read	depth	 (6	reads)	 in	at	 least	80%	









3.3 | Identification of outlier SNPs
The	 SNP	 thinning	 algorithm	 of	 PCAdapt	 reduced	 the	 SNP	 data‐
set	 including	 Chesapeake	 Bay	 from	 74	 to	 52	 k	 SNPs,	 and	 two	
relevant	 PCs	 were	 retained	 based	 on	 the	 clustering	 of	 samples	




chi‐square	 distribution	was	 better	without	 rescaling	 (Figure	 2e).	
After	 correction	 for	multiple	 testing,	 14	 k	 SNPs	were	 identified	





distribution.	When	 30%	 of	 the	 highest	 FST	 values	 was	 removed	
(Figure	2a,c),	14	k	outlier	SNPs	were	 identified,	of	which	12	k	 in	
common	with	PCAdapt	(Figure	2i).	Approximately	35	k	SNPs	(68%)	







ers	 to	 PCAdapt	 were	 recovered	 (Figure	 2b,d,j).	 For	 this	 dataset,	
the	neutral	SNP	panel	consisted	of	42	k	SNP	(i.e.,	93%	of	the	SNP	
panel	with	all	SNPs).	For	both	datasets,	no	SNPs	were	flagged	for	
having	 significantly	 low	FST	 values.	 The	 proportions	 of	 SNPs	 lo‐
cated	in	genes	and	exons	were	similar	for	the	panels	of	outlier	and	
neutral	SNPs	(data	not	shown).
3.4 | Genetic diversity, population structure, and 








sets	 including	 and	 excluding	 Chesapeake	 Bay	 (Table	 2).	 Pairwise	
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4  | DISCUSSION
4.1 | Genotyping‐by‐sequencing for marine 
population genetics
SNPs	have	proven	to	be	effective	for	genetic	characterization	of	ma‐
rine	 populations	 (Benestan	 et	 al.,	 2015;	Carreras	 et	 al.,	 2017;	Hess,	
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 df SS MSS Variance (%) σ2 p
Including	Chesapeake	Bay
All	SNPs
Between	regions 6 1.02 .170 34.3 .00835 .00
Within	regions 133 1.96 .015 65.7 .01472  
Total 139 2.98 .021 100.0   
Neutral	SNPs
Between	regions 6 0.29 .048 9.3 .00145 .00
Within	regions 133 2.84 .021 90.7 .02139  
Total 139 3.14 .023 100.0   
Excluding	Chesapeake	Bay
All	SNPs
Between	regions 5 0.16 .031 6.0 .00059 .00
Within	regions 127 2.45 .019 94.0 .01929  
Total 132 2.61 .020 100.0   
Neutral	SNPs
Between	regions 5 0.14 .027 5.0 .00033 .00
Within	regions 127 2.57 .020 95.0 .02024  
Total 132 2.71 .021 100.0   
Abbreviations:	df,	degrees	of	freedom;	MSS,	mean	sum‐of‐squares;	SS,	sum‐of‐squares.






TA B L E  3   Pairwise FST	between	regions	and	p‐values	(between	brackets)	for	all	74	k	SNPs,	and	the	neutral	SNP	panel	of	35	k	SNPs
 Chesapeake Bay Kattegat/Skagerrak Scheldt estuary
Belgian coastal 





Chesapeake	Bay – – – – – –
Kattegat/
Skagerrak
0.38 (0.00) – – – – –
Scheldt	estuary 0.38 (0.00) 0.00	(1.00) – – – –
Belgian	coastal	
zone	east
0.38 (0.00) 0.00	(1.00) 0.00	(0.02) – – –
Ostend	port 0.36 (0.00) 0.04 (0.00) 0.04 (0.00) 0.03 (0.00) – –
Belgian	coastal	
zone	west
0.39 (0.00) 0.00	(0.33) 0.00	(0.00) 0.00	(0.37) 0.04 (0.00) –
Dunkirk	port 0.37 (0.00) 0.00	(1.00) 0.00	(1.00) 0.00	(1.00) 0.03 (0.00) 0.00	(1.00)
Neutral	SNPs
Chesapeake	Bay – – – – – –
Kattegat/	
Skagerrak
0.12 (0.00) – – – – –
Scheldt	estuary 0.12 (0.00) 0.00	(1.00) – – – –
Belgian	coastal	
zone	east
0.11 (0.00) 0.00	(1.00) 0.00	(1.00) – – –
Ostend	port 0.12 (0.00) 0.02 (0.00) 0.02 (0.00) 0.01 (0.00) – –
Belgian	coastal	
zone	west
0.12 (0.00) 0.00	(1.00) 0.00	(0.28) 0.00	(1.00) 0.02 (0.00) –
Dunkirk	port 0.12 (0.00) 0.00	(1.00) 0.00	(1.00) 0.00	(1.00) 0.01 (0.00) 0.00	(1.00)
Note: Pairwise	comparisons	with	FST	above	.01	and	p‐value	below	.01	are	indicated	in	bold.
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4.2 | Population connectivity among 
environmentally distinct regions in the Southern 
part of the North Sea
The	 recurrent	 presence	 of	 M. leidyi	 in	 the	 Southern	 part	 of	 the	
North	 Sea	 indicates	 the	 establishment	 of	 a	 persistent	 population	
(Vansteenbrugge	et	al.,	2015).	Mnemiopsis leidyi	has	been	observed	
during	the	winter	in	the	Scheldt	estuary	and	ports	along	the	Belgian	
coast,	 and	 the	 presence	 of	 larvae	 and	 high	 population	 densities	
suggested	 that	 reproduction	events	 in	 these	areas	might	populate	
the	adjacent	 coastal	 zone	 (Vansteenbrugge	et	 al.,	2015).	Our	data	
provide	clear	evidence	for	the	presence	of	two	genetically	distinct	






Adaptation	 to	 the	 local	 environment	 is	 an	 important	 driver	




drift	 and	 limited	 gene	 flow	 due	 to	 physical	 barriers	 (e.g.,	 sluices)	
might	promote	local	differentiation	of	the	Ostend	port	population.	
However,	this	port	was	not	completely	isolated	as	we	identified	two	










Our	 data	 further	 show	 that	 Ostend	 port	 is	 probably	 not	 an	








4.3 | Population connectivity between 
geographically distant regions of the North Sea and 
Baltic Sea
We	 investigated	 the	 population	 structure	 of	M. leidyi over a large 
north–south	range	across	the	North	Sea.	We	compared	specimens	
collected	in	the	Southern	part	of	the	North	Sea	in	2014	with	speci‐








of	M. leidyi,	 patterns	of	 population	 subdivision	 concord	with	well‐
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to	occur,	as	the	area	is	part	of	a	heavily	trafficked	maritime	transport	
network	 (Kaluza,	Kölzsch,	Gastner,	&	Blasius,	2010).	Rapid	 recolo‐
nization	 of	 nonindigenous	 areas	 after	 local	 population	 extinction,	
either	 by	 natural	 dispersal	 via	 ocean	 currents	 or	 human‐mediated	
reintroduction,	contributes	to	the	invasive	success	of	M. leidyi.
4.4 | The introduction of M. leidyi in 
Northwestern Europe
Previous	molecular	studies	of	M. leidyi	showed	that	the	Northwestern	
European	 invasion	 originated	 from	 the	 indigenous	 species	 range	
along	the	Atlantic	coast	of	North	America.	Nonindigenous	popula‐
tions	often	experience	decreased	genetic	diversity	due	to	founder	
effects.	 The	 ability	 to	 self‐fertilize	 and	 establish	 new	 populations	
in	 nonindigenous	 areas	 with	 an	 extremely	 small	 number	 of	 indi‐
viduals	could	 intensify	 this	phenomenon.	However,	previous	stud‐
ies	found	no	evidence	of	decreased	genetic	diversity	of	M. leidyi in 





We	 showed	 the	 presence	 of	 extensive	 population	 structure	
across	 the	 North	 Atlantic	 Ocean,	 with	 significant	 neutral	 differ‐
entiation	 between	 all	 individuals	 of	 the	 nonindigenous	 area	 of	
the	North	Sea	 and	 the	 indigenous	population	of	Chesapeake	Bay.	
F I G U R E  5  Population	assignment	of	M. leidyi	individuals	based	on	DAPC	of	the	SNP	panel	with	all	74	k	SNPs.	Two	individuals	collected	in	
the	port	of	Ostend	are	related	to	the	North	Sea	population	in	adjacent	coastal	areas
Ostend port Belgian coastal zone west Dunkirk port
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and	 anthropogenic	 transport	 are	 important	 factors	 in	 secondary	
spread	of	M. leidyi	and	a	better	understanding	of	these	mechanisms	
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